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Chapter 1. General introduction

Chapter 1. General introduction

1.1 Background of this thesis

1.1.1 Display technique and Thin Film Transistor (TFT)

With the appearance of two foundational technologies, liquid crystal and light-emitting
diodes, the modern display technologies, Liquid crystal display (LCD) and Organic light-
emitting diode (OLED), were developed in the 1970s and 1980s. These innovations
marked the beginning of a new era for visual communication. Since that more colorful
and high-resolution displays became widely adopted in applications such as medical
diagnostics, academic presentations, and entertainment, the ability to deliver information
in a direct, effective manner significantly enhanced human life by improving efficiency
and enjoyment [12],

Compared to OLEDs, LCDs offer several advantages. First, LCDs are generally more
cost-effective to produce, especially for large-scale displays, due to mature manufacturing
processes and widespread availability of raw materials?!. Second, they provide excellent
brightness levels, making them well-suited for environments with high ambient lighting!®!.

Additionally, LCDs typically have a longer operational life as they are less susceptible to
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issues like burn-in, which can occur in OLED panels after prolonged static image display
(431 Therefore, LCDs become a practical solution for many consumer and industrial
applications

OLEDs, on the other hand, are becoming increasingly prevalent in premium consumer
electronics and are poised to play a central role in the future of display technology.

Unlike LCDs relying on a backlight to illuminate pixels, OLED panels emit light
directly from organic compounds when an electric current is applied. Therefore, OLEDs
enable true black levels because individual pixels can be turned off completely, resulting
in superior contrast ratios compared to LCDs. This feature is particularly beneficial for
applications requiring high visual fidelity, such as professional video editing and high-
end consumer displays. Second, OLED displays are thinner and more flexible, as they do
not require a separate backlighting unit. This property has facilitated innovative designs
in devices such as foldable smartphones and rollable televisions (],

However, manufacturing costs of OLEDs remain relatively high, particularly for larger
panels, due to the complexity of deposition processes and the need for advanced
encapsulation technologies to protect organic materials from degradation Additionally,
the issue of image retention, commonly referred to as burn-in, poses durability concerns

in certain use cases [,
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1.1.2 Principle of display technique.

LCDs operate by modulating the passage of light through a liquid crystal (LC) layer,
which changes its orientation in response to an applied electric field.

Figure 1 - 1 shows a schematic structure of LCD screen. The simplified structure
contains a light source layer, an electrode layer often made of indium tin oxide (ITO),
two mutually perpendicular polarizing filters, an alignment layer, and an LC layer. In
each pixel, the liquid crystal molecules in liquid crystal layer are sandwiched between
two mutually perpendicular polarizing filters and transparent electrodes. Without the LC
layer, the polarizing light through the first polarizer would be blocked with the second
polarizer layer. The alignment of LC was controlled with the on-off electric, which was
modulated from the alignment layer composed of TFTs. Without an applied voltage, the
liquid crystals are aligned in a way that switches the polarizing states of light, resulting
in allowing light to pass through the second polarizers. When a voltage is applied, the
molecular alignment is disturbed, blocking the light and darkening the pixel. The resulting
grayscale or color image is achieved by adjusting the voltage across each pixel %1%,

In addition, color in LCDs is achieved using red, green, and blue (RGB) color filters
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placed over the sub-pixels within each pixel. By modulating the intensity of each sub-
pixel, a full range of colors is produced via additive color mixing!?!.

Figure 1 - 2 shows the schematic structure of OLED. OLED displays operate based on
the principle of electroluminescence; wherein organic materials emit light in response to
an electric current. The fundamental mechanism involves the injection, transport, and
recombination of charge carriers within organic layers, resulting in the generation of
excitons that decay radiatively to emit photons. The key layers in an OLED structure
include the anode, cathode, and intermediate organic layers such as the hole injection
layer (HIL), hole transport layer (HTL), emissive layer (EML), electron transport layer
(ETL), and electron injection layer (EIL). Each layer is tailored to optimize charge carrier
balance and recombination efficiency to produce high-quality light emission. In OLED
display, TFT technology plays a critical role in enabling the operation of OLED displays
by serving as the active-matrix backplane that drives and controls the pixels. In an active-
matrix OLED (AMOLED) display, each pixel is independently controlled by an
integrated TFT circuit, which typically consists of one or more transistors and capacitors.
TFTs regulate the precise amount of current supplied to the organic emissive material,
directly determining the brightness of each pixel. This current control is essential because

the intensity of OLED emission is current-driven, and even slight variations in current
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can result in significant differences in luminance.

1.1.3 Transparent oxide semiconductor

TFT with optical transparency is a critical device in controlling light through in LCD
and OLED display in each pixel. Generally, TFT is composed of drain electrode, source
electrode, gate electrode, gate insulator and semiconductor channel. Among them, one of
the most critical parts for TFT performance is the semiconductor channel layer (Figure 1
- 3 a). In this regard, the increasing demand on resolution and respond speed of display
required higher field-effect mobility of semiconductor channel layer. (Figure 1 - 3 b).

Currently, transparent oxide semiconductor (TOS)-based TFTs, represented by
amorphous InGaZnO4 (IGZO1) TFTs, have been widely employed as the backplanes of
active-matrix flat-panel displays of OLED and LCD TVs Since amorphous InGaZnO4
TFTs exhibit one or two orders of magnitude higher field-effect mobility (ure ~10 cm?
Vs than that of previously used amorphous Si TFTs (ure ~0.5 cm? V''s™!), enabled
higher pixel densities and reduced power consumption, essential for ultra-high-definition
displays and wearable electronics. The reason why a-IGZO exhibited superior mobility

is attributed to the ns-orbital conduction. In a-Si, the conduction band composed of sp3
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orbital, which exhibit spatial directivity. Therefore, the strained chemical bonds in
amorphous structures form rather deep and high-density localized states below
conduction band minimum (CBM) and above valance band maximum (VBM) and thus
behave as carrier trapping state. On the contrast, the CBMs of a-IGZO formed with the
overlapping between spherically extended s orbitals of non-transition metal cations. The
structural randomness and disorder in amorphous structure will not alter the overlapping
much and thus exhibited less dependence with local structural randomness. This behavior
led to a much smaller localized states in a-IGZO than a- Si*!!! (Figure 1 - 4).

With a-IGZO channel, 4 K definition displays (3840 x 2160 pixels) with a frequency
of 240 Hz single scan have been realized.['?In the future, with an increasing demand for
higher-definition display (8 K with 7680 x 4320 pixels) with high frequencies (480 Hz,
single scan), TOS-TFTs that exhibit higher urz =50 cm?/V s would be required for

pixel-driving circuits.

1.1.4 In2O3 based materials

Along with the discovery of IGZO, researchers focus on lots of transparent oxide

semiconductors. Among numerous reports on TOS-TFTs showing higher ure (> 50 cm?
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V1571, In203 TFTs are considered a promising candidate because of their ure (~100 cm?
V! 713 Crystalline In.Os exhibits a cubic bixbyite structure (space group Ia3),
characterized by a body-centered lattice with a lattice constant of approximately 10.1 A.
Since the drawbacks of pure In203-based TFT like commonly polycrystalline nature and
oxygen vacancies, resulting in an impact on electric parameters such as mobility, stability
and high threshold voltage. Therefore incorporate atoms to enhanced electric
performance and stability is widely used such as Zn['#, Gal'>!, Snl'¢], Gd['"), etc. Among
all of those atoms, the crystal became conducting when the value of overlap integral is
larger than 0.4(Figure 1 - 5). The Zn become a good candidate due to Zn 4s orbital
exhibited the closet over lapping integral with In5s and a wide bond angle from 80-140°
while overlap integral larger than 0.4!1°],

The lattice of Zn incorporated In203 (IZO, indium Zinc oxide) exhibited a hexagonal
wurtzite crystal structure with space group R-3m. The lattice constant is proportional with
Zn concentrations (Figure 1 - 6). With appropriate Zn contents, the material transit
toward an amorphous state, which probably due to the more complex structure enhanced
the energy requirement of nucleation. Amorphous 1ZO (a-IZO) lacks long-range

periodicity but retains short-range order, a factor that contributes to uniformity and

reduced grain boundary scattering in thin films.
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Similar with IGZO, the conduction mechanism in In.Os-based materials primarily
arises from the overlapping In5s-orbitals of indium atoms, which form a conduction band
with low effective mass, resulting in relative high mobility in amorphous (Figure 1 - 7).
Oxygen vacancies in In2Os-based materials serve as intrinsic donors, generating free
carriers that contribute to n-type conductivity. The addition of Zn modifies the electronic
structure by introducing Zn 4s orbitals, which participate in the conduction band. IZO
exhibit a wide optical bandgap, typically ranging from 3.0 to 3.3 eV!!8] depending on the
indium-to-zinc ratio. This wide bandgap ensures high optical transparency in the visible
spectrum, a critical property for optoelectronic applications such as TOS here.

Based on these properties, electrical properties of IZO can be tailored through
compositional adjustments. The addition of Zn modulates carrier density and mobility.
However, while Zn inclusion enhances material stability and reduces crystallization
tendencies, excessive Zn content can disrupt the conduction pathways, reducing carrier
mobility. Though Zn 4s orbital also contributes to conduction band, there are still a lot of

factors disturbing and thus the balance of them is necessary to be discovered.

1.2 Objective of this thesis

The aim of this doctoral research is systematically investigating the effect of Zn
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incorporation into In2O3 films and thin film transistor on crystallinity, electron transport

properties, and effective thickness.

This thesis is organized in the following way.

In chapter 1, the background and objective of this research are introduced.

In chapter 2, analysis method and technology of structure, electron transport properties,

and TFT performance are mainly introduced.

In chapter 3, the structural and electrical properties of IZO films with varying Zn

concentration and annealing conditions are explored.

In chapter 4, I detailed investigate the electrical transport properties of 300 °C annealed

IZO films and TFTs across a wide range of Zn concentrations, which correspond different

crystallized nature.

In chapter 5, electric field thermopower modulation analyses were proceeded to

observed changes in effective channel thickness (ze) of amorphous and polycrystalline

IZO TFTs as a function of effective gate voltage (Vases), and so that investigate the

operating mechanism in different crystallinity.

In chapter 6, the present study is summarized.
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Figure 1 - 1 Schematic of one pixel in LCD display and the operating principle.

(a): The pixel worked without electricity

(b): The pixel darked with electricity
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Light-emitting layer

Figure 1 - 2 Schematic structure of one pixel in OLED display

Each pixel is independently controlled by an integrated TFT circuit

11

TFT
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2.1 Pulse laser deposition

Pulsed laser deposition (PLD) was a typical method of physical vapor deposition (PVD)
method, which exhibits great controllability and relatively high with deposition rate. A
schematic representation of the process, utilizing a KrF excimer laser (1=248 nm) is
shown in Figure 2 - 1.

The film growth mechanism in PLD could be divided into several step, in which
contains complex physical and chemical process:

1. A high-power laser pulse ablates the target material.

2. The target was rapidly vaporized and generated a plasma plume within a vacuum

chamber.

3. Particles in the plasma are transported and condensed onto a substrate, forming

nucleation and occur the film growth.

The quality of thin films produced through PLD is influenced by several key factors.
The laser parameters, which include wavelength, pulse energy and repetition rate,
significantly affect the ablation process and the formation of the plasma plume. Substrate

temperature also plays critical roles in governing the kinetic energy and mobility of the
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ablated species, which directly impacts the nucleation and growth dynamics. Furthermore,
the target composition and surface conditions influence the stoichiometry and uniformity
of the resultant film. The parameters of atmosphere such as gas composition and pressure
also play an important role in the composition of resultant film. Optimizing these
parameters forming a proper conditions is essential to achieve high-quality films with
desired physical and chemical properties. [!!

In this research, all IZO films species, ITO electrode of source and drain in TFT, Y203

passivation layer was deposited with PLD in oxygen at room temperature (R.T.).

2.2 Surface morphology with AFM

Atomic force microscopy (AFM) is a powerful and versatile technique widely used
in materials science, nanotechnology, and biological research to investigate surface
topography at the nanoscale. It operates with measuring the interaction forces between a
sharp probe tip and the sample surface, providing high-resolution imaging and
quantitative data.

The schematic AFM structure was shown in Figure 2 - 2. A sharp tip mounted on a

cantilever to scan a sample surface. The tips interact with the surface, altering numerous
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forces (e.g., van der Waals, electrostatic, or magnetic) then cause the cantilever to deflect.
These deflections are detected using a laser beam reflected off the cantilever onto a
photodetector and transfer into optical information, which is then processed to create
high-resolution 3D images of the surface.!

In this research, AFM (Nanocute, Hitachi High-Tech Sci. Co) was utilized as a surface

morphology photographer to estimate surface roughness.

2.3 Crystallinity with XRD

X-Ray diffraction (XRD) is a non-destructive analytical technique used to determine
the atomic and molecular structure of crystalline materials. By measuring the optical
properties such as intensity of X-rays scattered off the periodic arrangement of atoms in
a sample, XRD provides information about structural properties including
crystallographic structure, phase composition, lattice constant, etc.

Figure 2 - 3 a simply exhibited the principle of X-ray generation. First, the electrons
are drawn out from a heating filament (always tungsten). The electron gains sufficient
kinetic energy between 2 electrodes with high electric potential difference of several

decades kV, then losing kinetic by collision with anode (metal target, Cu, in this research).
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The losing kinetic energy of electrons converts into heat and excites the inner-shell
electrons in the anode and generates pairs of an outer electron and a hole. The excited
electrons release energy as X-Ray photons with energy E = Eouter — Einner, Where Eourer and
Einner represent outer shell energy level and inner shell energy level. The X-Ray was
divided into Kal, Ka2, Kf1, KB2 etc., corresponding to the X-ray emission from the
recombination that L2ps» — Kls, L2pi2 - Kls, M3ps2 - K1s and M3p1. - Kls respectively.
Figure 2 - 3 ¢ shows the schematic alignment of XRD properties. The generated X-ray
was filtered with collimation consists of monochromator formed with Ge (220) crystal
and soller slits. The collimated X-ray with single wavelength incident the samples on flat
plate and causes Bragg’s diffraction(Figure 2 - 3 b), which follows Bragg’s Law!*!:
niA = 2dsinf
where n,4,d,0 represented wave number, wavelength, thickness and incident angel
here. The equation was derived from the X-ray path difference between photons reflected
at the upper and lower lattice plane, which is consistent with diffracting condition. The
diffracted X-ray was collimated again and detected with an X-ray detector. Characteristic
peak was able to be observed for every 6 and d consistent with Bragg’s law.
In addition, there is XRD equipment utilized a fixed X-ray generator for engineering

reason, resulting in the incident angle geometrically equal to the rotating angle of the
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sample plate and marked as 8 or w. Consistent with the geometric relationship, the angle
between X-ray detector and flat plane (note as dot line in Figure 2 - 3 ¢. was 2 times of
0. This is the reason why the out-of-plane XRD method was also named as “w — 26 scan”
or “6 — 26 scan”.

Normally, a sample with high crystallinity is easy to observe clear peaks, due to the
long-range orderly lattice arrangement strongly diffract X-ray (Figure 2 - 3 d). For
amorphous with so-called short-range orderly arrangement or polycrystalline with tiny
grain size, the grazing incident X-Ray diffraction (GIXRD) method was utilized. With
this method, the X-ray incident in a fixed small angle (< 1.0°). The intensity of resultant
peaks will enhance a lot and so that able to observe amorphous phase (Figure 2 - 3 e).
For instance, Figure 2 - 3 f exhibited a GIXRD pattern of amorphous(m = 1-4) and
crystallized (m = 5) IGZOm film*). The halo peaks at ~22° and 34° arise from amorphous
phase Si substrate and IGZOn film (m < 5, integer) respectively, and the sharp peaks at
32° represent crystalline phase of IGZOm (m = 5) film.

The thickness of films was able to observe with X-Ray reflectance (XRR) method.
With a small, fixed 6, the X-Ray reflected at surface and bottom and interfered with each
other, which was observed as interference fringes when proceeding w — 26 scan

(Figure 2 - 4). For analyzing XRR pattern, the film thickness d is calculated from the
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periodicity of interference fringes, as it is inversely proportional to their spacing. The

overall slope of the reflectivity curve provides information about surface and interface

roughness, while the critical angle reveals the density of the material. The fringes

amplitude reveals the density contrast. For instance, in the 2-layer structure case, the

density contrast was determined by film and substrate.

In this research, the utilized X-Ray is Ka/ beam generated with K shell of Cu target.

The w — 26 scan and GIXRD was utilized to determine crystallinity and composition.

Film thickness was measuring with XRR.

2.4 Hall measurement

Hall measurement using four probes is a widely adopted technique for evaluating the

electrical properties of thin films. Depending on the probe alignment, the two most

employed methods are the Van der Pauw method and the four-point probe method.

In the Van der Pauw method (Figure 2 - 5 left), probes are positioned at the four

corners of the film (e.g., Probe 1-4). The current flowing along one edge and the voltage

across the opposite edge are denoted as with Za» (current flow from corner a to b, e.g. 1:2)

and Vs (Voltage from a to b, e.g. V34) respectively. Measurements can similarly be made
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along the diagonals. This configuration enables the determination of the corresponding

resistances with following equation:

V3
Riz34 = T
12

Va3

Ry314 = 1.
14

Based on Ri234 and R23, 14 the resistivity can be readily calculated by incorporating

geometry parameters.

_ ﬂ <R12,34 + R23,41) f
P =2 2

R _R 1 In2
12,34 23,41 __ LaTCCOSh(E exp (T))

Ri234 + Ry341  In2

where d is the thickness of films, f is a geometric factor. For a symmetric specimen,

the f factor equal to 1.

Additionally, the sheet resistance is determined as

R
Rgpeet = E

The electric transport properties in semiconductor such as carrier concentrations », Hall
mobility was also able to measure from Hall measurement, which are represented with
following equations

1
0= ; = Nee + PUnote€

where n, p, Ue , Unote T€Presents electron concentration, hole concentration, electron

mobility and hole mobility respectively.
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Hall mobility could be calculated with following equations
U = edRy

The Van der Pauw method particularly requires isotope of materials due to the
difference mearing line of voltage and current. If the specimen exhibited anisotropic
electron transport properties, a four-point probe method is the solution. (Figure 2 - 5
right) Current and Voltage were measured with probes 1,4 and probes 2,3 respectively,
which are aligned in a line.

In this research, electron transport properties were measured with d.c. four probe
equipment with Van der Pauw arrangement at R.T. in air. In order to advance contacting

performance, In-Ga alloy was utilized as contacting electrodes.

2.5 Electric transfer and output characteristic of TFT

TFT operate based on the field-effect principal (Figure 2 - 6 a), where an electric field
applied through the gate electrode modulates the conductivity of a semiconductor channel,
allowing precise control over current flow between the source and drain electrodes.

TFT electrical properties are characterized using transfer and output curves, which

provide essential insights into their performance.
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The transfer curve(Figure 2 - 6 b), obtained by plotting the drain current Ips versus
the gate-source voltage Vs at a fixed drain-source voltage Vps, reveals key parameters

such as the threshold voltage V;, subthreshold swing S.S. , and the on-off current ratio

Iﬂ. As definition, Vi can be extracted as the Vs at which a significant increase in
off

current begins. The S.S was extracted from Vs, which required an increase in the drain
current (Ips) from 1 to 10 pA. The field-effect mobility provides an important description
on the ability of carriers’ transportation in channel. In the saturation region, the drain

current can be evaluated by:

1 w )
Ips = 2 .uFECiT (Ves — Vru)
where W and L correspond to the width and length of channel. To simplify the calculation

. . . . d
and suppress the operating difficulties, transconductance g,, determined from the mllﬂ

GS

was utilized in field-effect mobility calculation as following equation.

2L

Another calculation method is measuring the on-current at saturation region as
following:
2
d.\/1, /
av,

HFE =~ 7 N~
/e

The output curve (Figure 2 - 6 ¢), which plots Ips versus Vps at different Vg, is
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used to analyze the TFT's operation in the linear and saturation regions. In the linear

region, the drain current depends linearly on Vpg, while in the saturation region, Ipg

becomes independent of Vs , indicating a pinch-off at the drain end of the channel.

From these curves, physical quantities such as the on-current, off-current, saturation drain

current, and contact resistance can also be extracted, enabling comprehensive evaluation

of the device's performance for various applications. In applications, TFT always works

under saturation region.

The stability of TFT was characterized by Negative Bias Stress (NBS) and Positive

Bias Stress (PBS) testing. NBS and PBS are reliability evaluation methods used to study

the stability of thin-film transistors (TFTs) under prolonged electrical stress. In detail, a

constant negative/positive gate bias is applied to the device for an extended period under

typically controlled environmental conditions. The resulting variation in electrical

characteristics, such as threshold voltage shift AVry, highly depends on charge trapping

mechanisms, interface quality, and material degradation within the gate dielectric or

semiconductor layer. Particularly, NBS is relevant for understanding device performance

under operational stress conditions.

In this research, TFT performance parameters such as Vru, S.S. etc. were evaluated

with transfer curve and output curve. Vrw was directly observed when /as = 10nA, the
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field-effect mobility was calculated in saturation region with transconductance. The PBS

and NBS were measured under same applied electric field with +2 MV/cm.

2.6 Thermopower measurements and thermopower modulation

Thermopower, or the Seebeck coefficient, is a critical parameter that measures the

voltage induced by a temperature gradient across a material. It is formally defined as:

AV

S=—E

where AV is the voltage difference and AT is the temperature difference. A positive
thermopower indicates that the majority carriers are holes, while a negative thermopower
suggests electrons as the dominant charge carriers. Thermopower is highly sensitive to
the density of states (DOS) near the Fermi level Er and is influenced by scattering
mechanisms and carrier type. Therefore, it could be understood that thermopower is a
factor associated with electric transport properties and structure. Experimentally, the
thermopower was measured through the voltage difference at the cool side and hot side
of sample (Figure 2 - 7 a).

From the perspective of carrier transport, the relationship between thermopower and

carrier concentration can be quantitatively described by the Mott equation, which relates
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thermopower to the energy dependence of conductivity at the Fermi level:

P n2 k2T (d[In(a(E))]
T3 e { dE }E_E

—EF

where ks is the Boltzmann constant, T is the absolute temperature, e is the elementary
charge, and ¢ is the energy-dependent electrical conductivity.
When E close to EF, conductivity could be expressed as
o(E) x DOS(E)v?(E)t(E)
where DOS is density of states, v is the electron speed, 7 is relaxation time. Substitute

into the above formula, Seebeck coefficient could be simplified expressed as

ky 1 dDOS(E)v2(E)t(E)
e DOS(Ep) oE

E=Ep

If Erclosed to conduction band minimum, the density of states is nearly constant near

. oE . . )
the Fermi level, thus v = 2% 18 closed to fermi velocity. T was also evaluated to
constant due to it is mainly determined by the Pauli exclusion principle and density of

9D0SE) \s E plot represent the Seebeck

states near CBM. Therefore, the slope in
coefficient. Due to the position of fermi level, the thermopower exhibited negative value
in n-type semiconductor and positive value in p-type semiconductor. (Figure 2 - 7 b).

There is another analysis method named jonker plot is S — log n plot. The effective

mass m* could be calculated from following equations:
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3
2-m} kg -T\2
R e A3
(o] x’r
RO = | 15

0

S =

kg ((r + 2)F.41(§)
—~Cornre ¢)

where n3q, ma*, ks, T, h, &, Fr, and r are the volume carrier concentration, the density
of states effective mass (md* = spin degeneracy x m* = 2m*), Boltzmann constant,
absolute temperature, Planck constant, chemical potential, Fermi integral, and scattering
parameter of the relaxation time, respectively. Without constants, the various contains
n3p, ma*, &, Fr. Among them, ¢, Fr are a set of coupled parameters independent with others,
and the carrier concentrations of films would be measured from Hall measurement.
Therefore, the m* of films can be easily simulated.

Thermopower modulation is a technique used to determine the zo of a TFT. As an
extension of the thermopower measurement, thermopower modulation provides an

effective means of determining zerbased on the relationship

Nap
e = —

N3p
In this method, the S is measured simultaneously with the modulation of the gate

voltage Vs of the TFT (Figure 2 - 8 a), which controls carrier transport in the channel

through the field effect. The three-dimensional carrier concentration n3p is derived from
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the measured Seebeck coefficient, while the two-dimensional carrier concentration 72p is
obtained from the sheet carrier density #s using the relation
ns = C;(Vgs — Vry)
where C; is the gate capacitance per unit area and Vrx is the threshold voltage. This
combined approach enables precise determination of the effective thickness and provides
insights into the carrier transport behavior of the TFT.

As reference, the effective channel thickness of commonly discussed material such as
BaSnO3-TFTs, SnO»>-TFTs, and AlGaN/GaN HEMTs. was characteristic with this
method named “Electric field thermopower modulation analysis” method. -1

In this research, S was measured at R.T. by creating a AT of ~10 K using two Peltier
devices. The thermo-electromotive force (AV) and AT were measured simultaneously,
and the S-values were obtained from the slope of the AV — AT plots. Thermopower
modulation was proceeded with 2 two Peltier devices to generate temperature gradient.
The temperature difference was monitored with two K-type thermocouples (150 um in
diameter, SHINNETSU Co.). As schematically shown in Figure 2 - 8 b, for an n-type

channel, if Vas (1) < Ves (2), generally, observable |S| at low Vs (1) is larger than that

at high Ves (2).
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Figure 2 - 1 Schematic figure of pulse laser deposition (PLD) system and ablation of

target
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Figure 2 - 2 Schematic structure of atomic force microscopy (AFM)
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Figure 2 - 3 Schematic principle of XRD
(a) XRD generation (b) Bragg’s law (c) Out of plan XRD (w — 20 scan) method. (d)
Out of plan XRD pattern of IGZOx (e) GIXRD (260 scan with fixed w) (f) GIXRD

pattern of IGZOm(m = 1-5) 4l
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Figure 2 - 4 A example of X-ray reflectometry (XRR) pattern.
The XRR pattern measured from a-I1ZO ~ 30 nm with density of ~6.65 g/cm?. Annotations

in pattern indicate the types of features in a standard XRR analysis
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Figure 2 - 5 Schematic figure of Hall measurement
(a) Schematic figure of Van der Pauw method (b) Schematic figure of 4-point probe

method
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Figure 2 - 6 Schematic structure of an ideal TFT and figures of TFT characteristics

(a) Schematic figure of an ideal TFT structure with top gate. (b) Transfer curve of TFT.

The annotations indicate the parameters which are able to extract. (¢) Output

characteristic of TFT, the linear and saturation region were separated with V.

39



Chapter 2. Experiment method

(a)

(V)
\Y

T gradient

Carriers diffusion

Carrier . .o
accumulation [CO

Cool side

(b) n-type p-type
E E

/’

E- 7

/
Negetfve S
_|Positive S

—

DOS DOS

Figure 2 - 7 Schematic figure of thermopower measurement.

(a) Schematic figure of equipment setting (b) Relationship between S and type of charge

carriers in semiconductor.
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Figure 2 - 8 Schematic electric-field thermopower modulation method of the I1ZO
TFTs.
(a) Schematic method of thermopower modulation (b) Schematic relationship between

AT and AV of a TFT based on n-type semiconductor like In-Zn-O channel
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Chapter 3. Anneal Temperature effect on structure and

electron transport properties of Zn-incorporated In2O3 films

3.1 Object of this Chapter

In semiconductors, the carrier transport properties such as carrier concentration,
mobility, resistivity, and field-effect mobility in TFTs were highly dependent on the
structural characteristics of the specimen. For instance, scattering centers were introduced
such as grain boundaries, as well as defects that disrupt the band structure, such as donor
or acceptor levels induced by structural defects!'l. Commonly existed defects in IZO films
include indium/zinc institution , interstitial In or Zn, oxygen vacancies'?]. The post-
annealing process is widely used to suppress the defects in IZO films to enhance electron
transport properties. However, the post-annealing process always promotes
crystallization. Though In203(ZnO)» (Where m is an integer) single crystals possess a
complex layered structure, leading to crystallization become difficult to occur at lower
annealing temperatures (e.g., <500 °C) 371 the uncertainty of annealing temperature
effect on crystallinity is still a huge problem on proceed experiment on electron transport
properties. Therefore, in order to determine the balance point of enhance electron

transport properties and crystallization, an investigation of critical temperature of
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crystallization is necessary.

In this chapter, a systematic study of the effect of annealing temperature on the
crystallinity and electrical transport properties of IZO films were investigated. The results
demonstrate that In-rich IZO films crystallize at 300°C, and the defects, such as oxygen
vacancies contributing to carrier concentration, are effectively removed during this
process. The results from this chapter will be used as a basement of the following

experiment in this thesis.

3.2 Experimental

1Z0 Ceramic target of PLD preparation:

[n203(ZnO)m with Zn wt.% = 10% and m =1, 2, 3, 5, 7, 9, 20 ceramic target was
prepared with conventional solid state reaction method. First In203 and ZnO powders
within stoichiometric proportions was wet mixture with ethanol in mortar for 30 minutes
and dried with heating lamp for 30 minutes. The dried mixed powder was pelletized and
calcined at 1000°C for 6h and then sintered at 1400 °C. The surface of resultant pellets
was polished to remove the top surface whose compositions with different stoichiometric

proportion due to the Zn evaporation.
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1Z0 film preparation

IZO films were fabricated on alkali-free glass substrates (EAGLE XG®, Corning®) by
PLD method at 25 °C using a KrF excimer laser. The laser fluence during depositing was
maintained as approximately 1.5 J/cm™ with the frequency of 10 Hz. During deposition,
the PLD chamber was evacuated to a base pressure of 1.0 x 10 Pa, and the oxygen partial
pressure was maintained to approximately 3 Pa. All films were annealed in Muffle
furnace in air with various temperature from 100 °C to 300 °C.

Because of the Zn easily evaporation during depositing, the ZnO weight ratio (Zn w.t.%)
of resultant film always slightly shifts from that of target. With the assumption that the
Zn evaporation was independent of Zn concentrations in target, the gradient of Zn w.t.%
in resultant films was regarded as same as those of ceramic target in this chapter. The Zn

w.t.% of resultant films were roughly denoted by ZnO weight ratio as same as target:

m(Zn0)
m(Zn0) + m(In,03)

Inw.t.% =

where m is mass.

Structure characterization

The thickness, density, and surface roughness of the resultant IZO films were measured

using X-ray reflectivity (XRR, ATX-G, Rigaku Co.). The crystallinity was characterized

by GIXRD. The incident angle of the X-rays was fixed at 1° during GIXRD measurement.
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Electron transport properties

The electric transport properties containing p, n, and urai were measured by a DC four-

probe method with a van der Pauw electrode configuration. S was measured using a

conventional steady-state method at 25 °C with laboratory-made equipment. The

temperature gradient was generated with a pair of Peltier devices under the films as

Figure 2 - 7 a. The cool side and hot side were on the 2 opposite edges of sample to create

temperature gradient while performing Voltage measurement.

3.3 Results and discussion

Figure 3 - 1 presents the GIXRD patterns of (a) as deposited and (b) annealed at 300°C

1ZO films with thickness of 100 nm ~30 nm IZO films. The Zn concentrations range from

10 to 67 Zn wt.%, corresponding to target that 10 wz.% Zn and m values of 1, 2, 3,5, 7

respectively. For both thicknesses and Zn wt.%, the as-deposited films exhibit an

amorphous phase. After annealing at 300°C, the 100 nm films with Zn wt.% = 10%

crystallized as separate phase that In2O3 (circle) and IZO (triangle), while the 30 nm films

with the same Zn content remained amorphous. This result indicates that thinner thickness

of IZO films contribute to suppress crystallization probably due to reduced bulk volume,
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which likely suppress nucleation during thermal treatment!®!,

To determine the optimal annealing temperature for crystallization while enhancing
electric properties by effectively reducing oxygen vacancies, electron transport properties
and crystallinity were analyzed at annealing temperatures ranging from 100°C to 300°C
with 100°C step. Figure 3 - 2 shows the GIXRD patterns of 30 nm IZO films with Zn
wt.% = 0%, 10%, 23%, 37%, 73%, and 85%. Across all compositions of Zn wt.% > 0
annealed <200°C, the halo peak at ~ 32° was observed indicating the amorphous 1ZO
phase. At 300°C, the In203 peak at 30.6° and a halo peak at 32° were observed in In-rich
compositions (Zn wt.% = 10%), suggesting the phase separation of crystalized In203
phase and amorphous IZO phase. Notably, In203(Zn wt.% = 0 %) films crystalized when
annealing temperature = 100°C. These results indicate a strong dependence of
crystallization of IZO behavior on Zn concentration and annealing temperature, which is
attributed to the reduced network connectivity in In-rich compositions, which lowers the
energy barrier for crystallization at elevated temperatures '],

Figure 3 - 3 examines the influence of annealing temperature on the electrical transport
properties of [ZO films. For 7'< 100-C, the mobility and carrier concentration of all IZO

films remained similar to those of as-deposited values, indicating that the energy was

insufficient to activate the recovery of oxygen vacancies. At T = 200°C, unan increased
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and n abnormal decreased compared to the as-deposited state, suggesting partial recovery
of oxygen vacancies and the ionic scattering with oxygen vacancies is one of the dominant
factors of electron transportation. The observed decrease in carrier concentration with
increasing Zn wt.% (Zn wt.% > 0) is consistent with trends in oxide semiconductors,
where Zn incorporation reduces carrier density due to its lower orbital overlap with
neighboring atoms compared to Inf?712],

At 300°C, both carrier concentration and Hall mobility decreased significantly
compared to the as-deposited state and exhibited even lower values ~ 10'7 than at 200°C
for most Zn wt.%, indicating a more effective suppression of oxygen vacancies. This
value is lower than the commonly reported magnitude of ~ 10%°.  Notably, the 1ZO film
with Zn wt.% = 10% exhibited relative higher » and lower ure comparing with a-1Z0,
which could be attributed to grain boundaries. This phenomenon will be detailed
discussed in Chapter 4. An exception was observed for Zn wt. % = 85%, where the carrier
concentrations remained comparable between the 200°C and 300°C annealed states,
suggesting that oxygen vacancies were already fully recovered at 200°C.

Interestingly, the n demonstrated a non-monotonic trend with Zn wt.%, initially

decreasing and then increasing to higher Zn w.t.%. This behavior, independent of Hall

mobility, implies that while oxygen vacancies which major contributors to carrier
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generation were substantially suppressed, additional defect states caused by Zn

incorporation might have contributed to the observed increase in carrier concentration at

higher Zn levels. The trend of thermopower vs Zn wt.% is opposite with n vs Zn w.t%,

clarified the independence relationship between intrinsic degenerate behavior of

semiconductor IZO and annealing temperature.

3.4 Conclusion

In the chapter, I investigated the structural and electrical transport properties of IZO

films with varying Zn w.t.% under different annealing conditions. GIXRD results showed

that as-deposited films were amorphous across all Zn w.t.% and thicknesses, while

crystallization after annealing at 300°C only occurs in 100 nm films with Zn w.£.% = 10%

and 0%, 30 nm Zn w.t.% = 0%, indicating thinner films (~30 nm) suppressed

crystallization due to enhanced surface energy and reduced bulk volume. The annealing

temperature significantly influenced electron transport properties: at 200°C, partial

recovery of oxygen vacancies decreased carrier concentration and Hall mobility, while at

300°C, oxygen vacancies were more effectively suppressed, except at high Zn

concentrations (e.g., Zn wt.% = 85%), where defect states possibly contributed to
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increased carrier density.

These results demonstrate film thickness, and annealing conditions in modulating

structural and electrical properties. Precise control over these parameters is essential for

optimizing IZO films in applications.
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Figure 3 - 1 GIXRD patterns of IZO films with different thickness
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Chapter 4 Stabilization of Zn-incorporated In,O3 Thin-Film

Transistor

4.1 Object of this Chapter

As mentioned in Chapter 1, with the increasing demand for higher-definition displays
operating at high frequencies (e.g., 480 Hz, single scan), thin-film transistors (TFTs) with
higher field-effect mobility (ure > 50 cm? V' s7') are essential for driving pixel circuits.!-
4l Among various reports on thin oxide semiconductor (TOS) TFTs achieving urr values
above 50 cm? V! s7!, indium oxide (In20s)-based TFTs have emerged as promising
candidates due to their exceptional field-effect mobility, often exceeding 100 cm? V!
s.5] However, these devices suffer from significant drawbacks, particularly their poor
reliability under negative gate bias stress, attributed to the adsorption and/or desorption
of gas molecules at grain boundaries.™°!

In Chapter 3, I initially discussed about the incorporation of zinc (Zn) into In20s effect
on crystallization and electric properties, which aligns with existing literature and helps
mitigate issues related to grain boundary defects by stabilizing an amorphous phase.[’!*]

Such a structural and electric properties adjustment is crucial for ensuring the

performance of In20s-based TFTs for industrial applications and it is the basement for
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experiment in Chapter 4.

This chapter presents a systematic investigation of the electrical transport properties of
zinc-incorporated In20Os (IZO) films and TFT across a wide range of Zn a.t.% (9%—86%)
and discuss about the effect on how Zn content influences the crystallinity and the
subsequent impact on carrier transport properties and stability in TFT.

The results reveal that the crystallization of IZO films is effectively suppressed when
the Zn a.t.% = 25% - 68%, while crystallizing when Zn a.t.% = 86% and < 9%.
Specifically, amorphous IZO-TFTs with 25% Zn demonstrated the highest urz of 41 cm?
V157!, along with excellent reliability. In contrast, polycrystalline IZO-TFTs exhibited
significantly lower ure values (<12 cm? V™' s7!) due to the formation of grain boundaries,
which also contributed to poor stability under positive gate bias stress due to electron

trapping at the polycrystalline/insulator interface.

4.2 Experiment

Fabrication of 1Z0 films
In this experiment, IZO films and TFT device were fabricated with ceramic target with
various Zn ratio (10 wt.% ZnO added In203, In203(ZnO)m and m =1, 2, 9, and 20) which

were prepared using a conventional ceramic process.
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IZO films were fabricated on alkali-free glass substrates (EAGLE XG®, Corning®) by
PLD at 25 °C using a KrF excimer laser (~1.5 J cm 2 pulse™!, 10 Hz). In order to suppress
the defects like oxygen vacancies, which highly affect the mobility and carrier
concentraions, the oxygen pressure was maintained at 3 Pa during deposition. Typical
deposition rate was ~0.3 nm s~ .

Since the resultant IZO film is easily separated into several phases (e.g. m = 3 in target,
and m = 1 and 2 in resultant films), the certain concentration of Zn was measured using

inductively coupled plasma mass spectrometry (ICP-MS). The concentration of Zn was

denoted as Zn a.t. % and was defined with following equation:

Zna.t.% = %X 100(%)

In+Zn
The Zn a.t.% of resultant films were 9%, 25%, 41%, 68%, and 86% respectively
correspond to Zn w.t.% in target with ascending arrangement. In order to suppress the »
which probably induced from oxygen vacancies after the deposition, the IZO films were
annealed at 300 °C in air for 0.5 h.
Surface morphology observation, structure analysis and electron transport
properties of the 1Z0 films

The surface morphology was observed with AFM (Nanocute, Hitachi Co. AFM). The

thickness, density, and surface roughness of the resultant IZO films were measured using
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XRR (ATX-G, Rigaku Co.). The GIXRD patterns clarify the crystallinity of IZO films.
The p, n, and pwan of the IZO thin films were measured by a DC four-probe method with
a van der Pauw electrode configuration. S was measured using a conventional steady-
state method at 25 °C with laboratory-made equipment.

Fabrication of IZO-TFTs

Indium Zinc Oxide (IZO) thin-film transistors (TFTs) of the bottom-gate, top-contact
configuration was fabricated on alkaline-free glass substrates (EAGLE XG®, Corning®),
as illustrated in Figure 4 - 1.

Firstly, a 100-nm-thick aluminum oxide (AlOx) layer as the gate insulator was
deposited directly onto the ITO-coated glass substrate using atomic layer deposition
(ALD), a method known for its excellent film uniformity and precise thickness control to
ensure high-quality AlOx. The dielectric permittivity & and a capacitance per unit area C;
of the AlOx were 8 and 70 nF cm™ respectively.

Since oxide tend to crystallize in thicker sample and thinner IZO films exhibited high
mobility!] a thin film with 5-nm-thick rather than 30 nm 1ZO (Zn a.t.% = 0% - 86%)
films were deposited on the AlOx layers using pulsed laser deposition (PLD) at room
temperature under an oxygen partial pressure of 3 Pa. A stencil mask was employed

during this step to define the active layer geometry precisely. After the deposition of the
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IZO active layer, the multilayer stack was annealed in ambient air at 300 °C for 0.5 hours.
This thermal treatment aimed to reduce defects such as oxygen vacancies, which are
critical for tuning the electrical properties of 1ZO.

Following the annealing, 100-nm-thick ITO films were deposited using PLD on the
multiple layered structure as the source and drain electrodes. During deposited, another
stencil mask was employed to ensure the geometric relationship. The resulting L and W
were 200 pm and 400 pm, respectively, ensuring adequate dimensions for reliable
electrical measurements. Then, the Y20s passivation layer was selected for its excellent
chemical stability and ability to protect the TFT channel from environmental degradation.
A ~50-nm-thick yttrium oxide (Y20s) film was deposited using PLD through the 3™ type
of stencil mask for device passivation.

Finally, the entire device underwent a second thermal annealing process at 300 °C in
air for 0.5 hours. This post-deposition annealing step further improved the interface
quality between the layers and reduced residual defects, enhancing overall device

performance.

4.3 Results and discussion

Figure 4 - 2 shows the GIXRD patterns of the (a) as deposited and (b) 300 °C annealed

203 (Zn a.t.% = 0%) and 1ZO (Zn a.t.% = 9%, 25%, 41%, 68%, and 86%) films. As
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same as the results exhibited in Chapter 3, the In203 films exhibited intense diffraction
peaks intendent with annealing process, indicating their polycrystalline nature. This result
is also consistent with previous reports in which In2O3 was crystallized at room
temperature.’! For annealed 1ZO films, Zn concentrations range from 25%—68%, the
GIXRD pattern contains a broad halo centered at approximately 26 ~ 34° for which is
characteristic of amorphous structure. As well, the diffraction peaks appear for Zn
concentrations of 9% and 86%, which exhibited polycrystalline nature. On the contrast,
the 1ZO films with low (<25%) and high Zn (>68%) concentrations crystallized after
annealed under 300°C. These results indicate a moderate amount of Zn in [ZO films (Zn
a.t.%: 25%—68%) stabilizes the amorphous structure after annealing at 300 °C. In Zn-rich
area, it should be noticed that though 68% Zn is higher than reported Zn at. % of
polycrystalline IZO (50 at. %)!'", films still stay in amorphous phase. In In-rich area, the
Zn ratio of 9% Zn films is well consistent with the reported crystallization of Zn ratio <
16 wt.%"'%1°1. Figure 4 - 3 show the AFM pattern of polycrystalline (9% and 86%) and
amorphous (25%) 1ZO films. The IZO with 9% and 86% Zn a.t.% exhibited higher root
mean square (RMS) of 0.8 nm and 0.9 nm which is almost 3 times of those of Zn a.t.% =
25% films, suggesting polycrystalline IZO film exhibit a rougher surface.

Figure 4 - 4 illustrates the n, urai, and S as functions of Zn concentration in IZO films.
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For the as-deposited IZO films, 7 is initially high that on the order of 10?° cm™ and shows
a slight decrease with increasing Zn concentration. However, after annealing, » decreases
significantly to approximately 10'” cm™ (Figure 4 - 4 a). This marked reduction can be
attributed to the substantial suppression of oxygen vacancies within the amorphous [ZO
films upon annealing. In contrast, the n values of polycrystalline In2O3 and the 9% Zn
IZO film exhibit only minor reductions post-annealing, which may be explained by the
adsorption of O* or OH" ions at grain boundaries. This adsorption leads to the formation
of a double Schottky barrier, rather than filling deficiencies like oxygen vacancies.*”’
The unan of as-deposited films, regardless of Zn concentration, is observed in the range
of 20-30 cm?V's!(Figure 4 - 4 b). After annealing at 300 °C, the In203 film

demonstrates the highest uman value, reaching 222 cm?V s

Generally, grain
boundaries have a relatively limited effect on uman in transparent conductive oxides with
high carrier concentrations (n > 10'° cm™), as electrons can effectively tunnel through the
narrow barriers.”!) However, for the 9% Zn film, umai drops significantly to 6.4
cm? V57! after annealing, which is likely due to increased grain boundary scattering
caused by the reduced 7.

The unan of the amorphous 1ZO films gradually decreases after annealing as the Zn

concentration increases. To gain deeper insight into the carrier transport properties, |
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measured the Seebeck coefficient S of the [ZO films (Figure 4 - 4 ¢). As mentioned in
Chapter 2.6, unlike electron mobility, S is a factor less dependent with the parameter
coupled with film quality such grain boundaries, making it a valuable parameter for
analyzing intrinsic carrier transport behavior such as carrier effective mass m*2>4, The
absolute value of S for the as-deposited films is relatively small (<50 uV K™!), consistent
with their high carrier concentrations. Following annealing, S increases significantly
(>400 uV K™") in the amorphous 1ZO films, reflecting their substantially reduced carrier
concentration (~10'7 cm™).

Figure 4 - 5 illustrates the thermopower S of the 1ZO films across varying Zn
concentrations. Since the mobility is inversely proportional to effective mass m* as

following equation:

H="
where e is the electron charge and 7 is the carrier relaxation time, the carrier transport
properties can be inferred from thermopower measurements. Figure 4 - 5 a present the S
values of the IZO films as a function of # on a logarithmic scale at room temperature. The
measured S values align well with the calculated trends corresponding to m* in the range
of 0.1-0.2 mo (the free electron mass), regardless of Zn concentration. For the IZO film

with 86% Zn, however, S is lower than the simulated value in the linear correlation region.
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This abnormal behavior likely arises from non-parabolicity-induced tail states situated
just below the conduction band edge (Figure 4 - 5 b).

The obtained m* values (0.1—0.2 myo) for the amorphous IZO films are consistent with
previously reported m* values for IZO (md*/2 = 0.15 mo), indicating that m# remains

n.[2>26] This observation suggests that the Zn 4s-

largely unaffected by Zn concentratio
orbital-dominated conduction band bottom retains a similar band dispersion to the In 5s-
orbital-dominated conduction band bottom!?’), which could be attributed to the
dominance of the In 5s orbitals in forming the conduction band and the relatively minor
role of Zn orbitals. Consequently, the incorporation of Zn into In203 films stabilizes the
amorphous structure without introducing additional carrier scattering centers.

Subsequently, I fabricated IZO TFTs with various Zn concentrations and measured
their transistor characteristics.

Figure 4 - 6 a present the transfer characteristics of IZO TFTs measured at room
temperature. The devices were configured with a L of 200 um and a W of 400 um. The
S.S. and Vi values corresponding with Zn a.t. % are summarized in Table 1. Notably, the
threshold voltage gradually shifted positively as the Zn concentration increased, which

can be attributed to a reduction in the electron concentration n within the IZO channel

layer.
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Figure 4 - 6 c illustrates the output characteristics for IZO TFTs with a Zn a.t.% equal
to 25%. The drain current /ss exhibits clear pinch-off behavior along with current
saturation at higher Vs, clarifying the TFT work in saturation region. Therefore, a drain
voltage Vis of +5 V was applied across all experiments to ensure TFT works in saturation
region. The ure was determined from the equation derived from saturation regime as
following, which was also mentioned in Chapter 2.4.1%%]

2
d1, /
av,

Hpp =~
" (W/ZL)Ci

Figure 4 - 6 b shows the variation of ure as a function of Zn concentration, with the
values extracted from Figure 4 - 6 d. The observed trend reveals that amorphous 120
TFTs exhibit higher wre compared to their polycrystalline counterparts. This
improvement is primarily due to the absence of grain boundary scattering in the
amorphous phase. The ure decreases monotonically with increasing Zn concentration,
consistent well with the trend observed in the ynai shown in Figure 4 - 4 b. The optimal
device performance was achieved for the amorphous IZO TFT with a Zn concentration
of 25%, which exhibited ure=41cm?> V's™! a S5 of 0.10 Vdec!, and a Vin of —1.9 V.

Figure 4 - 7 exhibit the transfer curves with PBS and NBS, showing the variations in

the transfer characteristics under PBS and NBS conditions. The duration of bias stress
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applied in both NBS and PBS experiment was up to 5000 seconds treating at room

temperature in air. Figure 4 - 8 summarizes the stability results of IZO TFTs under NBS

and PBS conditions, which exhibit the threshold voltage Vi shifts observed after 5000

seconds of PBS (Figure 4 - 8 a) and NBS (Figure 4 - 8 b) treatment for different Zn a.z. %.

It is worth noting that the effective stress voltage (Ves—V) applied to the channel was

not constant due to variations in Vu with Zn a.t.% (Table 2). However, no significant

correlation was found between the effective stress voltage and the observed Vi shifts.

Under NBS conditions, the Vi shifts remained minimal, less than 0.3 V, regardless of Zn

concentration or the crystalline phase. This stability is attributed to the role of gas

adsorption/desorption on the channel surface, which typically impacts Vi in oxide TFTs.

In the present study, the use of a Y203 passivation layer over the IZO channel is believed

to suppress gas interactions, thereby suppressing Vi shifts under NBS conditions.

Conversely, under PBS conditions, significant positive Vu shifts were observed in

polycrystalline IZO TFTs with Zn concentrations of 9% (AVm =0.74 V) and 86% (AVu

=0.8 V). The Vu shifts in this case are primarily attributed to electron trapping at the

channel/insulator interface. Polycrystalline IZO channels are known to exhibit a higher

density of interface states compared to their amorphous counterparts, largely due to

increased surface roughness. For instance, the RMS indicates surface roughness of
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polycrystalline IGZO annealed at 600 °C exceeds 4 nm, whereas amorphous IGZO
exhibits a roughness of less than 0.4 nm.*”! This increased roughness has been linked to
characteristic degradation in polycrystalline IGZO TFTs, such as reduced mobility and
increased subthreshold swing.*"!

In the present study, the RMS was measured by AFM were 0.36 nm for amorphous
1ZO (25% Zn) and 0.80 nm and 0.90 nm for polycrystalline IZO with Zn concentrations
of 9% and 86%, respectively (Figure 4 - 3). These results strongly suggest that the PBS-
induced degradation is dominated by electron trapping at the polycrystalline/insulator
interface.

Overall, the findings indicate that incorporating Zn into In2O3 not only enhances field-

effect mobility but also improves the reliability of [ZO TFTs under bias stress conditions.

4.4 Conclusion

I investigated the electron transport properties of 1ZO films and 1ZO TFTs across a
range of Zn a.t.% (0%, 9%, 25%, 41%, 68%, and 86%). IZO films with Zn a.t.% between
25% and 68% retained an amorphous phase even after annealing at 300 °C in air, whereas
films with 9% and 86% Zn exhibited crystallization under the same conditions.

The carrier effective mass for all IZO films was determined to be between 0.1 mo and

0.2 mo independent of Zn a.t.%. This suggests that both In 5s and Zn 4s orbitals contribute
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to electron transport in the studied Zn concentration range, but the overall band structure
and density of states are not significantly affected by variations in Zn content.
Amorphous IZO TFTs with 25% Zn demonstrated superior performance, achieving the
highest field-effect mobility urz of 41 cm? V™! s7!, a subthreshold swing of 0.10 V dec ™!,
and excellent reliability. In contrast, polycrystalline IZO TFTs exhibited significantly
lower ure values <12 cm? V™' s™! due to the presence of grain boundaries. Additionally,
these polycrystalline TFTs suffered from poor reliability under PBS, primarily caused by
electron trapping at the polycrystalline/insulator interface. This phenomenon is linked to

a higher density of interface states and structural defects at the interfaces.
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ITO Gate electrode

AlO, Gate insulator

Figure 4 - 1 Schematic structure of bottom-gate & top-contact type IZO TFT

(a) section structure (b) top view
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Table 1 Threshold voltage and subthreshold swing of the IZO TFTs with varied Zn

a.t.%.

Zn a.t.% (%) Vin(V) S.S. (V/decade)
0 -11.0 N.D.
9 8.6 0.25
25 -1.9 0.10
41 —4.7 0.13
68 -3.0 0.26
86 +0.3 0.11
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Table 2 Bias voltage of PBS and NBS applying on channel layer with varied Zn

a.t.%.
Zn a.t.% (%) Vaes— Vi (PBS) (V) Vaes —Vrn (NBS) (V)
9 28.6 -11.4
25 21.9 -18.1
41 24.7 -15.3
68 23.0 -17.0
86 19.7 -20.3
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Chapter 5 Effective thickness of Zn-incorporated In203 Thin-Film Transistor.

Chapter S Effective thickness of Zn-incorporated In2O3 Thin-

Film Transistor

5.1 Object of this chapter

Among the numerous reports on TOS- TFTs, polycrystalline indium oxide In-Os-based
TFTs with large grain sizes (~several micrometers) have been identified as promising
candidates due to their high field-effect mobility urz of approximately 100 cm? V' s~1.[12]
However, a significant drawback of these devices is their poor reliability, primarily
attributed to gas absorption at the channel surface and grain boundaries.!! To address this
issue, two main strategies have been proposed. The first involves the application of
passivation layers; for instance, the effectiveness of Y2Os passivation in improving device
reliability.®! The second strategy focuses on stabilizing the amorphous phase of In.Os by
incorporating an appropriate concentration of Zn as what was described in Chapter 4.

While homologous crystalline phases of [n.O3(ZnO)m (m > 3, integer) exist within the
1ZO system, their high crystallization temperature (>500 °C) favors the stabilization of

si*81 The research in Chapter 4

the amorphous phase under typical fabrication condition

has shown that an amorphous phase is maintained when the Zn concentration in IZO films

falls within the range of 25% to 68% after 300°C annealing. Amorphous IZO-TFTs in
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this range not only stabilize the structure but also exhibit higher ure values (~40 cm? V™!

s~') compared to their polycrystalline counterparts.

In this chapter, I mainly discuss the origin of the urr differences between amorphous

and polycrystalline 1ZO channels. 1 performed electric field thermopower modulation

analysis on both amorphous and polycrystalline IZO-TFTs to measure variations in

effective thickness as a function of Vgs. For the amorphous 1ZO channel, the effective

thickness was observed to be zero when Ves — Vru equal to zero, gradually increasing

with Vs — Vru to a maximum of approximately 1.6 nm, consistent with conduction band

bending. By contrast, the polycrystalline IZO channel exhibited an initial effective

thickness of approximately 5 nm in the absence of gate voltage, which rapidly decreased

to around 1.7 nm upon gate bias application.

These findings suggest that electron transport in amorphous 1ZO channels is governed

by field-effect theory, with carrier mobility enhanced by the uniformity of the amorphous

structure. On the contrast, in polycrystalline IZO channels, electron transport is

dominated by grain boundaries, which introduce localized defects and trap states, thereby

limiting mobility.
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5.2 Experiment

Fabrication of IZO-TFTs.

The IZO-TFTs (bottom-gate and top-contact type) were fabricated on ITO-coated
alkaline-free glass substrates. A 100-nm-thick amorphous a-Al2O3 gate insulator was
deposited on the substrate by ALD technique, the dielectric permittivity (&) and
capacitance (Ci) of the a-A1203 films were 8 and 70 nF ¢cm? respectively. Subsequently,
5-nm-thick 1ZO films were deposited using PLD from ceramic IZO target with various
Zn a.t.% at room temperature in 3 Pa oxygen. The laser fluence was maintained at
approximately 1.5 J cm 2 pulse . The composition of resultant IZO films was measured
using ICP-MS. The 1ZO films were then annealed in ambient air at 300 °C for 1 h. After
annealing, ITO source/drain electrodes were deposited using PLD. In order to suppress
the degeneration from atmosphere, a thick Y203 film of approximately 50 nm was
deposited by PLD as passivation layer. The devices were annealed at 300 °C in ambient
air for 0.5 h. Notably, the IZO, ITO, and Y203 films were deposited using a stencil mask,
where the L and width W were regulated in 200 pm and 400 um respectively. The details
of the TFT fabrication are described in Chapter 4.

Electric Field Thermopower Modulation Analyses.

The transfer characteristics of the IZO TFTs were evaluated using a semiconductor
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device analyzer (B1500A, Agilent Technologies) at room temperature under dark
conditions. Electric field thermopower modulation analyses were performed in air at
room temperature. In detail, the thermopower modulation measurements were performed
with 2 two Peltier devices placed beneath the IZO TFT. The temperature difference was
monitored with two K-type thermocouples (150 um in diameter, SHINNETSU Co.)
mechanically attached to the channel edges. Chapter 2 detailed described the

thermopower modulation analyses.

5.3 Result and discussion

The effective channel thickness of the IZO TFTs was investigated across a range of Zn
a.t.%=9%, 25%, 41%, 68%, and 86%. As discussed in Chapter 3, the Zn a.t.% = 9% and
86% resulted in polycrystalline structures, whereas intermediate concentrations of 25%,
41%, and 68% were stabilized as amorphous structures. Compared to their polycrystalline
which exhibited urz of ~ 10 cm*V ™!, the amorphous 1ZO TFTs exhibited significantly
higher field-effect mobility ure values of approximately 41 cm? V™! s7!. These results
indicate the superior charge transport properties of amorphous 1ZO films. Figure 5 - 1
and Table 3 shows he data of the IZO film properties and transistor characteristics

Figure 5 - 2 describe the schematic relationship between AT and AV of a TFT based
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on n-type semiconductor like In-Zn-O channel. For an n-type channel, the Seebeck
coefficient S generally exhibits a dependency on the gate voltage: at low Vs values, S is
larger compared to high Vs values. This trend is attributed to the stronger electric field
in channel induced higher carrier concentrations, which negatively correlated to Seebeck
coefficient.

Figure 5 - 2 a illustrates the typical A7—AV plots for the IZO TFT with a Zn
concentration of 25% under varying Vs at room temperature. The S values are negative,
confirming that the channel exhibits n-type semiconductor behavior. For instance, when
Ves— Vra=+10V, the measured S'is -80 u¥ K/, while at Vos— Vin=+20V, S decreases
to -56 uV K!. This reduction reflects an increase in the volumetric carrier concentration
n3p within the channel with increasing gate voltage, consistent with the standard field-
effect principle.

Figure 5 - 2 b presents the dependence of S on the sheet carrier concentration n2p,
which is calculated with the equation that n2p= Ci (Ves—Vru) as described in Chapter 2.
A notable difference exhibited in the behavior of § with respect to n2p between amorphous
and polycrystalline channels. The slope of the S vs. log n2p plot is lower for the amorphous
1ZO TFTs (Zn a.t.% = 25%, 41%, and 68%) compared to the higher slope observed for

polycrystalline IZO TFTs (Zn a.t.% = 9% and 86%).

89



Chapter 5 Effective thickness of Zn-incorporated In203 Thin-Film Transistor.

For comparison, the Seebeck coefficient S values of the IZO films were independently

measured as discussed in Chapter 4. The DOS effective mass m* was calculated for [ZO

films with Zn a.t.% other than 86%, revealing that m* ranged from 0.1 mo- 0.2 mo. For the

Zn a.t.% of 86%, the presence of unlined value due to tail states near the conduction-band

minimum contributed to the observed reduction in S.

Figure 5 - 4 illustrates the effective channel thickness 7. of the IZO TFTs, derived

from n2n/n3p. Based on the comparison between the -S vs. log n2p plot and the -S vs. log

nsp plot, as a function of Vgsefr = Vas—Vrn. For the amorphous channels (Zn a.t.% = 25%,

41%, and 68%), fef was initially zero at Veser = 0 V, and it progressively increased with

increasing Vas—Vru. This indicates that the fy in the amorphous TFTs is dynamically

modulated by the applied gate voltage, consistent with field-induced accumulation

behavior.

In contrast, the polycrystalline channels (Zn a.t.% = 9% and 86%) exhibited relatively

large ter values even at small Vese. As Vgser increased, fef gradually approached a

saturation value of approximately 1.7 nm, comparable to the saturation effective thickness

observed for amorphous channels. This difference in behavior between amorphous and

polycrystalline channels suggests that the gate voltage plays a primary role in controlling

the effective channel thickness of amorphous IZO TFTs, the polycrystalline channels are
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influenced by additional factors, such as structural inhomogeneities and the presence of
grain boundaries.

Figure S - 5 provides a detailed comparison of the electronic transport mechanisms in
1ZO TFTs with amorphous and polycrystalline channels based on the z results. For the
amorphous channel, the Er is positioned below the CBM in the absence of an applied gate
electric field, as depicted in Figure 5 - 5 a. When a positive gate voltage is applied, band
bending occurs at the a-Al2031Z0O heterointerface which are in the function of gate
insulator and channel respectively. This leads to the formation of a two-dimensional
electron gas at the interface, facilitating carrier accumulation, as illustrated in Figure 5 -
5 b. The behavior of the amorphous channel is consistent with the standard field-effect
theory for nondegenerate semiconductors, where the accumulation layer is directly
controlled by the gate electric field®. Such a mechanism demonstrates the importance of
gate modulation in achieving high-performance characteristics in amorphous IZO TFTs.

On the contrast, the polycrystalline channel exhibits markedly different behavior. A
spontaneously formed conducting layer, which thickness approximately equal to 5 nm
which close to the total film thickness of the IZO layer, exists even in the absence of a
gate electric field, as shown in Figure 5 - 5 ¢. This phenomenon appears because the Er

of polycrystalline IZO lies above the CBM, resulting in a degenerate conduction channel.
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However, electron mobility in the polycrystalline channel is restricted by the presence of

grain boundaries, which introduces a double Schottky barrier along the channel. When

Eris relatively low, even at a gate voltage of Ves =420 V, the potential barriers suppress

carrier transport significantly as illustrated in Figure 5 - 5 d.

These findings suggested that there was a difference in transport mechanisms between

amorphous and polycrystalline IZO channels. Electron transport in the amorphous [ZO

channel is primarily dominated by Vs induced carrier modulation as the standard field-

effect framework. However, in the polycrystalline channel, structural factors such as grain

boundaries and associated potential barrier effects dominate, limiting mobility and

hindering the ¢,y modulated with Ves. These differences suggested the critical role of

channel microstructure in determining the electrical properties and operational efficiency

of IZO TFTs.

5.4 Conclusion

The electric field thermopower modulation analyses were conducted to investigate the

changes in f¢ of amorphous and polycrystalline IZO TFTs as a function of Vgs. For the

amorphous IZO channel, the f.swas initially zero at Veer= 0 V, indicating the absence of
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significant carrier accumulation. As Vgep increased, the ter increased and reached a

maximum of approximately 1.6 nm. This behavior suggests conduction band bending at

the AO3/IZO heterointerface, consistent with the formation of a two-dimensional

electron gas under the influence of the gate electric field. These observations align with

the standard field-effect theory for nondegenerate semiconductors, where gate

modulation plays a critical role in controlling carrier accumulation and transport.

On the contrast, the polycrystalline IZO channel exhibited an initial ze of

approximately 5 nm roughly equal to the total film thickness of the IZO layer even in the

absence of Vgs. This indicates the presence of a pre-existing conduction path, probably

coming from the Fermi level Er positioned above the CBM. As Vs — Vrm increased, the

tegrapidly decreased and converged to approximately 1.7 nm, suggesting a more confined

electron transport region. This behavior differs fundamentally from that of the amorphous

channel and suggests the influence of structural factors unique to polycrystalline materials.

The sharp decrease in effective thickness for the polycrystalline channel can be attributed

to potential barriers at grain boundaries, such as double Schottky barriers, which limit

electron mobility and disturbed uniform gate-induced modulation. These findings suggest

the contrasting transport mechanisms in amorphous and polycrystalline [ZO TFTs. While

electron transport in the amorphous channel follows the principles of standard field-effect
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theory, the polycrystalline channel is dominated by microstructural effects, emphasizing

the need for careful material design and processing to optimize device performance.
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Figure S - 2 Schematic relationship between A7 and AV of a TFT based on n-type

semiconductor like In-Zn-O channel.
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(a) Vg—Vth =0 (b) Vg—Vih =+20V
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Figure 5 - 5 Schematic operation mechanism of the IZO-TFTs with amorphous
channel and polycrystalline channel.
(a) amorphous channel with Vaser= 0 and (b) Vasey=20 V

(c) polycrystalline channel with Vasey= 0 and (d) Vases= 20 V
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Table 3 Field-effect mobility, threshold voltage, and subthreshold swing of the

I1Z0O-TFTs with varied Zn concentration.

Zna.t.% ure (cm? Vs Vi (V) S.S. (V/decade)
0.09 11.4 -8.6 0.25
0.25 41.4 -1.9 0.10
0.41 39.8 —4.7 0.13
0.68 19.3 -3.0 0.26
0.86 6.9 +0.3 0.11
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Chapter 6. Summary

Chapter 6. Summary

The given doctoral thesis focused on systematically investigating the effect of Zn
incorporation into In203 on films and TFTs. For IZO films, Zn concentration effect on
annealing effect, electron transport properties were mainly investigated. On the other
hand, Zn concentration effect on the TFT performance and z. which are highly related
with electric properties were highly discussed.

Firstly, the structural and electrical properties of IZO films with varying Zn
concentration and annealing conditions were explored as a pre-experiment for follow-up
research in chapter 4 and 5. GIXRD revealed that 100 nm [ZO films with /0 wt.% Zn
crystallized after 300 °C annealing, while other IZO films being amorphous structures.
The Hall measurement revealed partial recovery of oxygen vacancies reduced carrier
concentration at 200 °C, whereas at 300 °C, oxygen vacancy suppression decreases carrier
concentration to ~ 10'7 magnitude, which is lower than common reported carrier
concentrations ~ 10%°,

In chapter 4, I detailed investigate the electrical transport properties of 300 °C annealed
IZO films and TFTs across a wide range of Zn concentrations (9-86 Zn a.t. %, observed

with ICP-MS), which correspond different crystallized nature. In amorphous 1ZO films,
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mobility decreases with increasing Zn content due to reduced carrier concentration. DOS
effective mass remained 0.2mo independent with Zn concentrations. Amorphous [ZO
TFTs with 25 a.t.% Zn exhibited superior performance with a ure of 41 cm?*/V s, a
subthreshold swing of 0.10 V/decade, and excellent reliability. In contrast, polycrystalline
TFTs showed ure values below 12 cm?/Vs as well as poor reliability under NBS and PBS
treatment.

In chapter 5, electric field thermopower modulation analyses were proceeded to
observed changes in effective thickness z. of amorphous and polycrystalline IZO TFTs
as a function of effective gate voltage Veses, and so that investigate the operating
mechanism in different crystallinity. For amorphous 1ZO, teff increased with Vees, and
converse to 1.6 nm, followed well with field-effect theory. In polycrystalline [ZO, e
started at 5 nm and decreased to 1.7 nm with increasing Veey, due to fermi-level located
above conduction band minimum when Ve, 1S zero.

As summery, a systematically research on the muti-factors effect on the electric
transport of IZO was investigated, including thickness, annealing temperature,
crystallinity affect both properties of films and performance of devices. The conclusion
demonstrates an optimal performance in proper Zn incorporation of IZO. The

investigation of this research will provide a foundation on IZO TFT development, which
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has a big chance to be utilized in next-generation display.
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